possibility that the unknown Drosophila photoreceptor might be a member of the photolyase/cryptochrome additional relevant photoreceptor and signal transduction pathway. Its characteristics can be addressed with family, a well-characterized group of blue light-responsive flavoproteins. Photolyases/cryptochromes have five action spectra. These had been measured long ago for phase response curves (PRCs) of Drosophila pseudoobwell-characterized subgroups (Kanai et al., 1997). Three groups of cyclobutane pyrimidine dimers (CPD) photolyscura eclosion; they peak at 400-500 nm (Frank and Zimmerman, 1969; Klemm and Ninnemann, 1976) . Only ases are responsible for the repair of thymidine dimers caused by UV irradiation. Another group contains the recently were similar Drosophila melanogaster action spectra derived for adult locomotor activity rhythms and 6-4 photolyases (found in Drosophila, for example; Todo et al., 1996) , responsible for the repair of UV-generated for TIM degradation ). Both curves were significantly different from that of Drosophila vision, sug-6-4 thymidine dimers and 6-4 photolyase homologs. A fifth group contains plant blue light photoreceptors (Ahgesting a novel blue light circadian photoreceptor that affects behavioral rhythms as well as the response of mad and Cashmore, 1993; Lin et al., 1998). We were also directed to the cryptochrome family by peripheral clocks, even in the eye. In mammals, the retina is very important for circadian light perception and evidence from several systems, suggesting that a flavinbased system, in addition to or instead of retinal-conmakes synaptic connections with the suprachiasmatic nucleus via the retino-hypothalamic tract. But the reletaining proteins, contributes to circadian photoreception. Caroteinoid-depleted Drosophila show normal photovant photoreceptor(s) is uncertain, as the well-studied mammalian visual photopigments may be insufficient sensitivity (Zimmerman and Goldsmith, 1971). In Neurospora, a genetic defect in the riboflavin synthesis pathto account for ocular circadian photoreception (Foster, 1998). As in Drosophila, therefore, the mammalian eye way inhibits the photoentrainment pathway (Paietta and HL02979 Berkeley Drosophila Genome Project/HHMI EST Project, unpublished data). We named the gene cry, which is located on the third chromosome at bands 91F8-92A3 (data not shown), and used the coding senot very well conserved between CRY and its close relative (4/7 homologous amino acids, 2/7 identical to quence of the EST clone for the rest of this study.
Results
CRY is more closely related to the two human cryptHsCRY1). But these residues are not very strongly conserved, even among family members known to bind ochromes HsCRY1 and HsCRY2 (10 Ϫ99 and 2 ϫ 10 Ϫ98 , respectively) than to Dm64 (8 ϫ 10 Ϫ86 ), suggesting that MTHF. The FAD-binding site, on the other hand, is highly conserved (12/14 homologous amino acids, 8/14 identi-CRY and the human proteins might share functional properties different from those of Dm64 (Figure 1) . But cal). This is despite the presence of a lysine at conserved position 264, which is either a serine or threonine in all an unrooted phylogenetic tree reveals that HsCRY1, HsCRY2, Dm64, and even Arabidopsis 6-4 photolyases other members of the photolyase/cryptochrome family. Although the crystal structure of E. coli photolyase did are more closely related to each other than to CRY (Figure 2A amplitude clock mRNA cycling in bodies as compared to heads . 1998). To assay cry mRNA, we performed Northern and RNase protection analyses on RNA isolated from heads To address transcriptional regulation, we performed nuclear run-on assays on the cry gene (So and Rosbash, after fly entrainment under standard light/dark conditions (LD). Both assays gave identical results: cry mRNA 1997). There is a 4-fold amplitude of transcriptional cycling under LD conditions, with a peak at ZT1 and a manifests ca. 5-fold amplitude cycling, with a peak at ZT1-5 and a trough at ZT17 ( Figure 3A) . A higher resolutrough at ZT13 ( Figure 4A ). As this amplitude and phase are similar to the values of mRNA cycling, these oscillation RNase protection experiment revealed that the peak persists from ZT1 to ZT7, and the trough from ZT17 to tions are in large part regulated at the transcriptional level (So and Rosbash, 1997). As with mRNA cycling, ZT19 (data not shown). The Northern analysis indicates that there is only a single cry transcript of approximately the transcriptional cycling persists under DD conditions but with a lower amplitude. This is due in large part to 2 kb.
We also measured cry mRNA cycling under conditions a more shallow trough, which is also observed in the mRNA cycling curve (Figures 4B and 3B, respectively). of constant darkness (DD; Figure 3B ). Cycling persists under these conditions but with a lower, approximately
In both cases (LD and DD), the run-on signal was low and indicates relatively low transcriptional activity (data 2-fold amplitude. Lower amplitude DD cycling was previously described for other clock genes or for clock not shown). This was the cause of the large standard deviations and precluded detecting subtle differences gene-derived reporter genes . Between ZT1 and ZT9, protein levels are approxisingle mutants and double mutant combinations, we mately 40%-50% of the peak. Lower amplitude CRY found little or no mRNA cycling, indicating that it requires a functional pacemaker and is not merely light driven. cycling in CS versus y w flies is probably due to light cry mRNA levels were a function of the specific mutant shielding by eye pigment, as described for the TIM light or mutant combination. They were relatively low in the response (Suri et al., 1998). per or tim null mutants as well as in the per;tim double To determine whether the CRY cycling is light driven, mutant combination, whereas they were relatively high we measured protein levels under DD conditions. Surprisingly, and in sharp contrast with PER, TIM, and CLK, the CRY DD pattern is completely different from that in LD and increases continuously throughout the subjective day and night ( Figure 6C , lower panel), beginning at the levels reached at ZT23 of the previous day. In DD conditions as well as in LD conditions, the protein and mRNA profiles are completely different (see Figure 3) . These results strongly suggest that CRY cycling is in great part under light control. To further address the role of light, we assayed CRY levels in per 0 , tim 0 , Clk, and cyc 0 arrhythmic backgrounds ( Figure 6D ). As expected, relative protein levels correlate with the relative RNA levels, higher in Clk and cyc 0 than in per 0 and tim 0 . But there was also robust CRY cycling (Figure 7B) (Hsu et al., 1997) .
In addition to sequence conservation between the human and Drosophila proteins, we found striking similarities at the level of gene regulation. cry mRNA cycles with a 5-fold amplitude in heads, similar to the 4-fold amplitude observed for mcry1 mRNA in the SCN (Miyamoto and Sancar, 1998). Also, the phases of both cycles are similar. But the cry mRNA phase is entirely different, almost antiphase to per and tim cycling as well as most other cycling curves described so far in Drosophila pathways (e.g., Ding et al., 1998), a more likely explanagenes are known in Drosophila. But these differences tion focuses on the CRY protein accumulation profile are probably temporary, indicating that CRY might well during the night. Late in the night at ZT21, CRY levels connect to transcription in both systems. As CRY autoare almost maximal. Six hours earlier in the delay zone, regulates expression (Stanewsky et al., 1998; data not CRY levels are low and increasing. Therefore, flies might shown), it is even possible that it participates directly, respond less well to low light intensities and more or once participated directly, in its own transcriptional strongly to CRY overexpression at these earlier times.
regulation. Photoreception and transcriptional feedback A more general version of this argument suggests that loops are ubiquitous features of circadian pacemakers. behavioral photosensitivity or PRC amplitude is sensiTherefore, circadian rhythms may have begun long ago tive to the prior illumination regime. Although this is valid when a DNA repair protein acquired the ability to autoin some systems (e.g., Shimomura et al., 1998), we have regulate expression in a light-and ultimately time-depenbeen unable to gather additional evidence that CRY dent manner. cycling is important for the Drosophila PRC amplitude.
Light-mediated changes in CRY levels may be impor- 
